A low-ripple diode charge-pump type AC-DC converter based on the Cockcroft-Walton diode multiplier is proposed for coilcoupled passive IC tags in this paper. This circuit is developed as a power supply for passive RFID tags with smart functions such as heart rate de tection and/or body temperature measurement. The proposed circuit con verts wirelessly induced power to a low-ripple DC voltage suitable for a 13.56 MHz RFED tag. The proposed circuit topology and the principle of operation are explained and treated theoretically by using quasi-equivalent small-signal models. The proposed circuit was implemented on a PCB.
Introduction
A half-wave rectifier or a full-wave rectifier is commonly used for an AC-DC converter in a passive RFID tag [1] , [2] . However, due to their low power conversion efficiency (PCE), the above circuits are not efficient for low power con version.
As other AC-DC power conversion circuits for an RFID tag, the Cockcroft-Walton type diode charge pump [3] has been used. These AC-DC conversion circuits have an output ripple Vr given by (1) [4] . (1) Here /^is the frequency of the input signal. Rl and Cout are the load resistance and capacitance, respectively. This ripple should be small in analog signal processing of an RFID tag with smart functions such as heartbeat detection and/or body temperature measurement [5] , [6] . The ripple must be less than 0.6 Vp_p@Vdd = 3 V for a heartbeat detection circuit in the present design [5] .
Though the on-chip full-wave active rectifier was de veloped [7] to achieve high PCE, the ripple is not reduced as compared with the conventional full-wave rectifier.
One method to reduce ripple is to use a higher input Manuscript received June 15, 2007. Manuscript revised September 3, 2007. tfThe authors are with the Graduate School of Science and Technology, Kumamoto University, Kumamoto-shi, 860-8555 Japan. a) E-mail: yamac@st.eecs.kumamoto-u.ac.jp DOI: 10.1093/ietfec/e91-a.2.513 frequency /^. However, in an RFID application, the avail able frequency range is fixed by the regulations on wireless communication. The other method to reduce ripple is to use large output capacitance Cout. This is not permitted by the limited volume of an RFID tag.
Recently, an automatic current control scheme was de veloped to reduce ripples [8] . This scheme controls the current flowing into the charge pump circuit by monitor ing ripples. However, this circuit cannot operate at frequen cies higher than 600 kHz [8] because of its feedback control scheme.
Though a voltage regulator can reduce the output ripp ie, the regulator cannot operate at high frequencies in the RF band. Hence, in RFID applications, the output ripple must be reduced by the rectifier itself.
To achieve ripple reduction at high frequencies such as tens of megahertz, a symmetrical structure of Dicksonbased charge pump was developed [9] . This voltage tripler is designed to reprogram/erase the EEPROMs, so that the output impedance is high and the PCE is low. Additionally, this method requires 8 stages to reduce the ripple by 20%
and this circuit occupies large chip area (565 /im x 825 jum).
In this paper, a low-ripple Cockcroft-Walton type diode-charge-pump AC-DC converter for 13.56 MHz pas sive RFID tags is proposed. This power supply has a high PCE suitable for an application to a passive RFID tag with smart functions (a smart RFID tag [5] ). The proposed circuit has very low ripple by adopting a push-pull scheme suitable for a coil-coupled reader-transponder system. Section 2 describes circuit configuration, analysis by instantaneous equivalent circuits, and HSPICE simulation results. Here, the proposed circuit topology and the prin ciple of operation are explained and treated theoretically.
HSPICE simulations were performed with the BAT15-099
Schottky diode device parameters provided by Infineon
Technologies [10] . The theoretical results are confirmed to be consistent with the simulation results. 
2AQ = DoSffTL
From the above equations, we obtain yout = -(6)
(8) Figure 7 shows a conceptual quasi-equivalent smallsignal model of the circuit in Fig. 6 . In this figure, Zo is the 
where Vrippie denotes the output ripple. In the same man ner, we can obtain a similar equation for a conceptual quasiequivalent macro-model in Fig (10) where Vrippie-iow is the output ripple of the low-ripple AC-DC converter.
Comparing (9) and (10) Table 2 Device parameters of the BAT15-099. and the output power is given by
Circuit Simulations by HSPICE
The performances of the proposed circuit were confirmed by HSPICE simulations using the BAT15-099 diode model pro vided by Infineon Technologies AG [10] . The element val ues and the device parameters of the BAT15-099 are shown in Table 1 and Table 2 , respectively. The PCE and the ripple factor vs. loaded resistance Rl.
In Fig. 11 , the theory and simulation are compared re garding Vout-iow and Vrippie for when the load resistance RL is changed.
The output voltage becomes almost independent of the load for RL > 500 JfcflL
The theoretical value of Vout-iow in Fig-11 is calculated from (11) assuming C\ = C2, Cm -Cdi, Cdi <c C\, C\Ĉ 'T, and Doff^1. As shown in Fig. 11 , a good agreement is obtained between the simulated and theoretical values of Vout-iow with the precision of better than 5.7%. Figure 12 shows the power conversion efficiency (PCE) and the ripple factor under the change of the load. Here, the PCE is defined by the output power divided by the in put power, and the ripple factor is defined by VriVPie divided by-Vout-iow The maximum PCE is 90.2%. The maximum output power is 367 juW when the ripple factor is less, than 2.3%. 
Experimental Results
In the experiments, the input voltage was generated by the arbitrary waveform generator YOKOGAWA AG4100. The digital oscilloscope AG4100 was used to measure the volt ages. appreciably large as shown in the lower trace of Fig. 18 . The second harmonic component of the input frequency was ob served as a residual ripple in the output. This is generated by imperfect ripple cancellation due to asymmetrical wave forms of the ripple. The rise time of the ripple depends on the ON resistance of the diodes and the fall time of the rip ple depends on the load resistance. Therefore, the ripple increases as Rl decreases.
The maximum output power was about 310//W when the ripple factor was less than 1.1%, RL = 30 kH, Vout-iow = 3.05 V (namely, load current^100 juA).
For a load greater than or equal to 510kn, this circuit can output 3.3 V DC with a very small ripple.
At Vin = 4Vp-P@ 13.56 MHz and RL = 30 kQ, the theo retical^calculated from (11)), simulated, and measured val ues of Vout-iow are 3.41 V, 3.32 V, and 3.05 V, respectively.
As shown in lower trace of Fig. 19 , Vripple was reduced to 20mVp_p. Notice here that the lower trace in Fig. 19 is shown with the range of 10 mV/div. Table 3 shows comparison between the proposed circuit and the other comparable works. The AC-DC converter of [8] is designed for USB-OTG (On-The-Go) application which needs high power and low ripple. In order to achieve high output power, an off-chip large output capacitor (330 nF) is used. Since an automatic pumping control scheme is used to obtain good ripple reduction, the number of MOSFETs used is relatively large (i.e., the PCE degrades to 70%) and the operation frequency is low.
Discussions
The AC-DC converter of [9] is designed for rewriting EEPROM. Good ripple reduction is obtained by using 8-stage asymmetrical structure. This structure is similar to the ripple reduction scheme of the proposed circuit in concept.
However, since the circuit uses many MOSFETs which op erates in saturation region, dissipated power is relatively large (i.e., PCE is low).
On the other hand, the circuits of [7] and [11] are de- Fig. 18 Traces of V^'s and Vout on the oscilloscope display (Rl=7.5 kH, Vin:4Vp_p@ 13.56 MHz).
Fig. 19
Traces of Vin 's and Vout on the oscilloscope display (Rl=1MQ, Vin:4Vp_p@ 13.56 MHz). Table 3 Comparison with other AC-DC converters. Lam et al. [7] original (full-wave rectifier based) signed as a power supply for RFID tags. The AC-DC con version ripple VriPPie is not reduced so far from that of a full-wave rectifier in those AC-DC converters, so that these circuit will not be suitable for a power supply for a smart RFID tag with biomedical signal processing functions.
As shown in Table 3 , the advantages of our work are higher PCE, smaller number of elements, good ripple re duction. Additionally, higher output power can be obtained by using a larger Q at the cost of increased volume. Though the circuit scale becomes larger by the on-board implemen tation, it can be implemented within the size of 3 mm x 12 mm. This size meets the present specification for a pas sive smart RFID tag. The off-chip realization is favorable in the respect that the AC-DC converter for a smart RFID tag must provide more than several hundreds of milliwatts.
By using the diode-connected MOSFETs [7] , [9] or by using controlled MOSFET switches in stead of using Schottky diodes, a fully CMOS version of the proposed cir cuit can be fabricated by a 0.35 /zm/0.25 //m CMOS process and will supply the output power of less than milliwatts at 13.56 MHz with on-chip capacitors.
Concluding Remarks
A low-ripple low-power Cockcroft-Walton AC-DC con verter suitable for a passive smart RFID tag has been pro posed. Its topology and the principle of operation are ex plained and treated theoretically. The proposed circuit was implemented on a PCB and its performance was confirmed with experiments. This circuit outputs almost constant 3.3 V DC for a load of greater than 510 k^when the input is 4Vp_p. 
